ABSTRACT: Size-selected clusters, soft-landed on an oxide substrate, is a promising and highly tunable material for heterogeneous catalysis. Agglomeration of the deposited clusters, however, leads to changes in the particle properties and structure. The latter for such cluster assemblies can also be different from that in selfstanding nanoparticles of similar sizes. To monitor the formation of such complex materials, in situ studies at different length scales are required. Toward that goal, we combined small-angle X-ray scattering (SAXS), X-ray absorption near-edge structure (XANES) spectroscopy, ab initio simulations, and machine learning (artificial neural network) techniques. We detected significant differences between the sizes of particle agglomerates, as probed by SAXS, and the sizes of locally ordered regions, as seen by XANES. We interpret these differences as an evidence for the fractal, grape-cluster-like structure of the agglomerates; thus, XANES and SAXS provide highly complementary structural information. This finding can have a profound effect on our understanding of particle sintering and assembly processes and of structure−properties relationship in ultradispersed metal catalysts in reaction conditions.
INTRODUCTION
Structures and shapes of subnanometer size-selected clusters are predicted to vary within a wide range of possible motifs, in a striking contrast with much fewer possibilities for nanoparticles (NPs) in the 1 nm and larger size range. 1−8 The resulting properties of the clusters are unique and can change dramatically and nonmonotonically upon changes in cluster size, often by an addition or removal of a single atom. 9−12 In particular, unique catalytic properties have been recently observed for such materials. 4,6,9,10,13−19 To benefit from these properties for application to heterogenous catalysis, the size-selected clusters produced in the gas phase can be softlanded on suitable support materials. 6, 9 The interactions between support and deposited clusters can have a significant effect on the properties of the clusters and can be used to further tailor the properties of the catalyst. 9,17,20−22 Other complications that may arise, when well-defined clusters are extracted from the gas phase, are the cluster− cluster interactions and agglomeration. 6, 9 The deposited clusters may undergo coarsening (via the Ostwald ripening or diffusion−coalescence processes) that often occurs at elevated temperatures of catalytic reactions. 23 Importantly, depending on the ambient conditions, the latter coarsening mechanism may result in less compact, fractal structures. The properties of such cluster aggregates can be quite different from the properties of the close-packed NPs of similar size. Although typically agglomeration decreases the catalytic activity of nanocatalysts (because of the reduction of the number of active sites), controlled self-assembly of deposited clusters can be desirable for certain applications. 24, 25 For example, higher catalytic selectivity was recently observed for aggregates of subnanometer silver clusters than for selfstanding particles of similar size. 9, 26, 27 To understand the structure−property relationship in such noncompact cluster aggregates, experimental tools are needed that allow one to probe the aggregate structure at different length scales, corresponding to intracluster and intercluster dimensions. Because of the metastable nature of such systems and their high sensitivity to ambient conditions, it is important to monitor their formation in situ, under reaction conditions. Low metal loadings, high reaction temperatures, and the presence of a support hinder applications of many techniques, such as extended X-ray absorption fine structure (EXAFS) spectroscopy, 28, 29 which is commonly used for studies of larger NPs. 30−33 Among the very few tools that could be used for studies of ultradispersed, size-selected clusters, a combination of grazing incidence small-angle X-ray scattering (GISAXS) 34 and grazing-incidence X-ray absorption near-edge structure (GIXANES) has proven to be especially powerful to quantify the size and ordering of catalytic clusters deposited on supports. 35 In this combined approach, GIXANES has been mostly employed to monitor the oxidation state of the clusters during the reaction, 9, 18, 35 whereas GISAXS is used as a tool to monitor the stability of clusters and to measure the average size (width and height) of the agglomerates when sintering takes place. 13,18,27,34−37 It is far from trivial, however, to extract from XANES and SAXS information about the inner structure of the cluster aggregates. We have recently demonstrated that machine-learning-based analysis of XANES can be used to probe the three-dimensional geometry of the NPs. 25, 38 By employing an artificial neural network (NN) trained on a large set of theoretical XANES spectra, we were able to obtain metal−metal coordination numbers (CNs) and thus decipher the local structure in supported Pt NPs, 38 as well as to monitor the in situ formation of Ag particles from their experimental XANES spectra. 25 In this work, we modified our machine-learning method to adapt it to the unique case of clusters in which more structural descriptors, such as interatomic distances, and not just CNs, are expected to affect their XANES spectra. By combining this method with GISAXS, we analyzed the multiscale structure of agglomerates of ultradispersed size-selected copper clusters. Copper-based nanomaterials have proven to be efficient catalysts for the conversion of carbon dioxide to value-added fuels and chemicals, 6,9,14,15,39−43 where the catalytic properties depend critically on the NP size. 6, 9, 14, 15, 43 Monitoring the NP growth under reaction conditions is thus important for understanding the working mechanism and designing new catalysts for CO 2 conversion. By employing XANES and SAXS methods, we are able to elucidate the details of the copper cluster agglomeration and its dependency on ambient conditions and the support material and to do so at different length scales in the same in situ experiment. Although SAXS probes the overall geometry of the agglomerate, the local sensitivity of XANES makes it ideally suited to probe its inner structure.
An additional important outcome of this analysis method is due to its sensitivity not just to the cluster size but to interatomic distances as well. It is known that the distances between nearest neighbors in metal NPs decrease with particle sizes. 44−47 This could have an important additional effect on the electronic structure 48, 49 and the catalytic properties of NPs. 50, 51 Shortening of interatomic distances can also be used as an independent indication of very small particle sizes, 46 especially if these distances can be extracted from XANES rather than EXAFS data. For the latter, the interpretation of changes in interatomic distances is often complicated by the artifacts in the data analysis because of the asymmetry of the bond-length distribution. 52−57 These problems affect XANES data interpretation to a much lesser extent.
METHOD DESCRIPTION
This sensitivity of Cu K-edge XANES to NP size has been demonstrated before by theoretical simulations. 58, 59 We illustrate this effect in Figure 1 , where we compare theoretically calculated (with FEFF code 60 ) particle-averaged XANES spectra for Cu clusters of different sizes, as well as experimental reference spectra for bulk foil and Cu 64 NPs, prepared via dendrimer-encapsulation method. 61 The details of XANES simulations are given in Supporting Information (Note 1). Both experimental and simulated data suggest that for smaller particles XANES spectra are relatively smooth and featureless. A similar effect was observed in our previous work on Pt clusters, 38 where it was attributed to the contribution of undercoordinated surface atoms. Upon increase of NP size, XANES features get more pronounced, and for a particle with a few hundreds of atoms, they can resemble those in bulk Cu. For very small clusters, a particularly sensitive characteristic of their size is the lack of the feature at ca 20 eV above the absorption edge ( Figure 1 ). As shown in Figure 1 (and demonstrated in refs 20, 58, 59 ), this feature is absent in clusters with ca. 20 atoms or less but is present in larger clusters. In addition to the particle size effect, Figure 1 also demonstrates a pronounced effect of Cu−Cu interatomic distances on simulated XANES spectra (also acknowledged before 58 ). Finally, we note that, when the experimental data are compared with the results of simulations, they agree qualitatively, but some systematic deviations can be clearly Figure 1 . Experimental Cu K-edge XANES and theoretical spectra calculated with two ab initio XANES codes (FDMNES 62 and FEFF 60 ) for bulk Cu and Cu clusters of different sizes. For the Cu 185 cluster, the effect of interatomic distance is also demonstrated based on FEFF simulations. The red arrows mark the feature in XANES spectra that is very sensitive to particle size.
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Article seen, as demonstrated in Figure 1 , on the example of XANES spectra for bulk copper and simulations with two state-of-theart codes, FEFF 60 and FDMNES. 62 These systematic deficiencies of XANES modeling are the known bottleneck of the method, hindering, in general, its application to quantitative studies of material structure. However, as we have demonstrated, this problem can be resolved by applying supervised machine-learning techniques, such as artificial NNs. 38 We followed a procedure similar to that described in ref 38 . Briefly, we used FEFF and FDMNES codes to generate sitespecific XANES data for Cu particles of different sizes and shapes. As in our previous work, 38 for NN training, we do not use the particle-averaged spectra but an artificial data set created by randomly sampling and averaging site-specific theoretical XANES spectra for a small ensemble of 21 particles of different sizes and shapes (some are shown in Figure 2 ).
Theoretical XANES spectra μ(E) generated with FEFF and FDMNES codes are first aligned to match the energy scale used in theoretical calculations with the energy scale of experimental data by shifting the calculated spectra by ΔE. The values of ΔE (different for FEFF and FDMNES) are chosen so that the experimental and calculated Cu K-edge XANES for bulk Cu are aligned. Next, we reinterpolate the theoretical spectra on a nonuniform mesh that spans energies from E min = 8986.9 eV to E max = 9066.0 eV. The mesh step size is 0.2 eV for data points near the absorption edge and gradually increases up to 1.0 eV for points at E = E max . The resulting μ⃗ vector contains 115 data points μ i corresponding to the values of the absorption coefficient at different energies E i . Finally, as explained in our previous work, 38 we subtract from the vector that corresponds to the calculated spectrum for the copper cluster the vector μ⃗ bulk that corresponds to the calculated spectrum for bulk copper to minimize systematic errors due to background modeling. The difference vector Δμ⃗ = μ⃗ − μ⃗ bulk with 115 data points is then directly used to initialize the values of 115 nodes in the input layer of our NN. No additional dimensionality reduction, normalization, feature selection, or peak identification is carried out.
Regular Cu NPs structure models with a fcc-type structure and with octahedral, truncated octahedral, cuboctahedral, and cubic shapes that were used to generate XANES spectra for NN training were constructed by cutting with a (100) and (111) plane fcc-type Cu lattice with lattice constant a 0 = 3.615 Å. 63 These regular structures were further truncated with an additional (100) or (111) plane to model an interface with a substrate. To partially account for possible deviations from close-packed (here: fcc-type) atom arrangements, we also include in the training data set regular icosahedral-and hcptype clusters constructed using a cluster coordinate generator, 64 maintaining the same nearest-neighbor distance 2.556 Å as in fcc-type clusters. Each cluster model in our set can be uniquely characterized by a set of average CNs for the first few coordination shells {C 1 , C 2 , C 3 ,...}. 64 In addition, because here for the first time we explore also the sensitivity of the NN-XANES method to interatomic distances, we constructed additional structure models by isotropically stretching or compressing the clusters with respect to the original set so that the distance between nearest neighbors R changed between 2.2 and 2.6 Å. The lower limit corresponds to the expected Cu− Cu distance in the Cu dimer, 65 whereas the upper limit for the Cu−Cu distance is chosen so that it exceeds slightly the bulk value. As a result, NN will be trained on a broad range of distances, encompassing the possible distances in actual clusters.
We construct a NN as a composite nonlinear function h(μ i ,θ ⃗ ) → {C̃1, C̃2, C̃3,...,R̃} i that uses as input a preprocessed and discretized XANES spectrum μ i , depends on parameters described by the vector θ ⃗ and returns a vector {C̃1, C̃2, C̃3,...,R̃} i . During the training process, we supply as input for NN the theoretical XANES spectra (for which the true structure parameters {C 1 , C 2 , C 3 ,...,R} i are known) and fit the NN parameters θ ⃗ so that the Euclidean distance between the true structure parameter vector and NN output vector {C̃1, C̃2, C̃3,...,R̃} i is minimized for all spectra in our training set. After the optimal values of θ ⃗ are found, NN can take experimental XANES as an input and determine {C̃1, C̃2, C̃3,...,R̃} as estimators for average CNs and interatomic nearest-neighbor distance for NPs in the corresponding sample. Average CNs, in turn, can be immediately linked to the effective particle size. 30, 32 More details on the construction of the training data set and NN design and training are given in Supporting Information (Note 2) and in refs. 25, 38, 66 To validate the accuracy of the trained NN, we have relied on theoretical XANES data, calculated by FEFF and FDMNES codes for particles of different sizes and shapes (Figure 2 ). Unlike it was for the NN training step, for validation, we use particle-averaged XANES spectra, corresponding to realistic Cu particles. We include structure models, indirectly used for NN training, as well as the structure models that were not used for the construction of the training data set. To validate the ability of our NN to predict also the interatomic distances, we included in the validation data set structure models with different interatomic distances.
In Figure 2 , the true values of CNs for the first coordination shell and the true values of Cu−Cu distance are compared with the ones yielded by NN from the corresponding XANES data. The validation results for more distant coordination shells The Journal of Physical Chemistry C Article (also accessible, in principle, by our NN method) are given in the Supporting Information ( Figure S1 ). As one can see, the structure parameters, determined by NN, agree well with the true values for a broad range of particle sizes and interatomic distances. Importantly, our NN is able to reproduce reliably also the low CN values for ultrasmall clusters with 3−4 atoms.
In addition, we have validated the accuracy of the NN-XANES method also with experimental Cu K-edge XANES data for well-defined samples, where the CN and R values are known from EXAFS analysis. 61 To apply our NN to experimental XANES data, we, first, align, merge, and normalize them using a standard procedure as implemented in ATHENA software. 67 Afterward, the spectra are processed in the same way as explained above for the theoretical spectra: the spectra are reinterpolated on the same energy mesh as used for theoretical spectra, and the experimental spectrum corresponding to bulk copper (copper foil) is subtracted. The resulting vector with 115 data points can be then directly processed by our NN. The results obtained by NN from experimental data for bulk copper and Cu 64 NPs are also shown in Figure 2 and demonstrate the robustness of our NN toward systematic differences between experiment and theory.
After the accuracy of our NN is demonstrated using theoretical and experimental data, we can apply it to solve the unknown structure of supported ultrasmall size-selected copper clusters. We emphasize here that a good performance of our NN for this system was not guaranteed because the structure of such clusters can, in principle, deviate significantly from the close-packed model structures used for NN training and can also be affected by interactions with the support. Our method should be applied with caution in this case.
Nevertheless, as we demonstrate below, in this particular case, our NN method provided reliable results.
RESULTS AND DISCUSSION
Cu 4 , Cu 12 , and Cu 20 clusters were synthesized using a sizeselected cluster source 14, 15 and soft-landed on a thin layer of ZrO 2 or ZnO, prepared by the atomic layer deposition on the top of a silicon wafer. 68, 69 To model the conditions of the CO 2 conversion reaction, the deposited clusters were exposed to the mixture of CO 2 and hydrogen in helium with the concentrations in the ratio 1:3:1 (with a few 100 ppm of O 2 and H 2 O) and gradually heated up to 375°C (see the inset in Figure 3 ). During the heating, in situ XANES and SAXS data were collected in GI mode. Experimental details are given in the Supporting Information (Note 3).
Temperature-dependent in situ XANES data for Cu 4 clusters on ZrO 2 are compared with the spectra of reference materials in Figure 3 . Qualitatively similar temperature-dependencies of XANES spectra for Cu 4 , Cu 12 , and Cu 20 clusters on ZrO 2 , as well as for clusters on ZnO are shown in the Supporting Information ( Figure S2 ). As one can see, in agreement with the previous studies, 14,15 the as-prepared clusters are oxidized, as evidenced by similar shapes and positions of the main features in XANES spectra to those for Cu(OH) 2 . Upon heating, however, the samples are rapidly reduced. To quantify this process, we perform linear combination analysis by fitting all spectra for a particular sample with a linear combination of the spectrum for the as-prepared sample and the spectrum collected at the highest temperature (375°C). The latter resembles qualitatively the spectrum of metallic copper, but all features are broadened, in agreement with the expected small particle size. The changes in the relative contribution of this high-temperature spectrum (w red ) are reported in the inset of Figure 3 . As one can see, after 225°C, w red reaches its maximal value and further heating does not affect it. We interpret this as an evidence that the sample is completely reduced at this temperature. Noteworthy, after the sample is cooled down to room temperature, it becomes partially reoxidized.
In Figure 3 , we also compare the high-temperature (375°C) spectrum for the Cu 4 cluster on zirconia with those for Cu 12 and Cu 20 clusters, as well as for clusters on ZnO. Strikingly, although the spectra for all clusters on zirconia are similar and have the same broad, featureless shapes, as expected for ultrasmall clusters (Figure 1) , the spectra for clusters on ZnO, which nominally have the same size, are clearly different; features of metallic copper are much more pronounced here, as is also the size-sensitive feature at ca. 20 eV above the absorption edge (Figure 3) . Thus, one can conclude immediately that the clusters on the ZnO support after reduction have significantly larger sizes than the clusters on zirconia support, which hints at the possibility of significant agglomeration of ZnO-supported clusters.
The CNs C̃1, as well as interatomic distances R̃extracted from XANES data for size-selected Cu clusters by NN method are shown in Figure 4 . We focus here on the results obtained at high temperature because our NN method is, at present, applicable to reduced particles only. Note that the metallic state of copper is also relevant for many catalytic applications. 6, 15 The obtained NN-XANES results agree with the conclusions from the visual examination of experimental XANES data: CNs for all samples on ZnO are significantly larger than those for samples on ZrO 2 . In fact, all three samples on ZnO have very Figure 4 .
In addition to CNs, also interatomic distances can be used for the determination of particle sizes because for small particles the shortening of interatomic distances is expected. Such an approach was applied, for example, in ref 46 for size determination of much larger Au particles. As shown in Figure  4 , EXAFS data, available in the literature for NPs with CNs larger than 6, 20, 61, 65, 70, 71 indicate that the Cu−Cu distance does not change significantly with the particle size and is approximately the same as in bulk copper. As mentioned above, our NN-XANES results for clusters on the ZnO support agree well with these observations made on the basis of EXAFS data. For smaller clusters on zirconia, however, the Cu−Cu distance is significantly shorter and decreases systematically with the particle size (CN). In fact, the obtained Cu−Cu distance for Cu clusters on zirconia agrees well with the expected one for subnanometer clusters. 65 The fact that two independently obtained quantitiesCNs and interatomic distancesextracted by our NN from experimental XANES data both point to the same conclusion regarding the ultrasmall size of Cu clusters on zirconia allows us to conclude that, first of all, the obtained results are reliable and, second, that the structure and charge state of clusters, investigated in this work, are not too different from those in close-packed models used for NN training (which is a noteworthy result by itself).
Information on particle sizes, obtained from XANES analysis, can be correlated with the results of GISAXS measurements. Experimental temperature-dependent GISAXS data (collected simultaneously with the XANES data) for Cu 4 clusters on ZrO 2 are shown in Figure 5a . GISAXS data for other samples are shown in Supporting Information, Figure S3 . Analysis of the GISAXS data (see Supporting Information (Note 3) for details) in the small-angle regions provides direct information about the particle size. 6, 13, 21, 34, 36 Here, to obtain the particle size distribution from GISAXS, we used IRENA software package. 72 Examples of GISAXS data fitting and obtained particle size distributions are shown in Supporting Information, Figures S4 and S5 . The obtained temperature dependencies of particle sizes for clusters on ZrO 2 and ZnO are shown in Figure 5b ,c, respectively, as well as in Figure S6 in Supporting Information. In Figure 5 , they are compared with the NN-XANES results. For the latter, to obtain particle diameters from the obtained CN values, we interpolate the relationship between diameters and particle-averaged CNs for truncated cuboctahedral particle models (see the insets in Figures 1 and 2 ) with the interatomic distances in the models scaled according to the results shown in Figure 4 . As mentioned before, in Figure 5 , we focus only on the hightemperature range, where the particles are reduced and our NN-XANES method is applicable.
As shown in Figure 5 , GISAXS results indicate unambiguously the agglomeration of the particles, previously suggested by XANES data; in all cases, the obtained particle sizes are much larger than that suggested by the nominal number of atoms, and upon temperature increase, the particle sizes increase rapidly. In Figure 5b , this trend can be seen especially The dashed lines are guides to the eye. Note: the smallest resolvable particle size by GISAXS in this experiment is ∼2 nm. At low temperatures, the sizes of the as-deposited clusters and their assemblies are below the GISAXS detection limit. As uncertainties for GISAXS data, we report full widths at half-maximum for corresponding particle size distributions (see Figure S5 in Supporting Information).
The Journal of Physical Chemistry C Article well for clusters on ZrO 2 . The changes in particle sizes for particles on the ZnO support are less pronounced in this temperature range. Agglomeration for these samples takes place at lower temperatures, until the particle sizes (diameters) reach 6−8 nm, and further temperature increase does not affect the particle sizes significantly.
When GISAXS and NN-XANES results are compared, at the first glance, they point to a seeming contradiction: particle sizes, as measured by GISAXS, almost in all cases are significantly larger than those obtained from XANES analysis. Moreover, unlike it is for GISAXS data, in XANES data in the investigated temperature range and for all particles, no increase of particle size is observed. In fact, the particle sizes as obtained from XANES seem to be decreasing slightly, which we attribute to a minor artifact in our analysis because of the temperature effect in XANES data, as we explained in our previous work. 38 The two observations can be reconciled by noting that GISAXS and XANES probe the structures at different length scales. The apparent difference between GISAXS and XANES results can be interpreted as an evidence of the granular, fractal nature of agglomerates. A similar fractal-like structure formation from soft-landed clusters has been analyzed experimentally and theoretically in the works by Brećhignac et al. 73−75 Fractal-like structures were reported also for Cu and Ag clusters inside an ultracold He matrix. 76, 77 Note that GISAXS probes the form factor of the overall agglomerated particle. XANES, in turn, is sensitive to the sizes of locally ordered regions. Therefore, the larger particle sizes in GISAXS data are an indication that the agglomerates are an assembly of much smaller and locally well-ordered regions (like grapes in a grape cluster). The fact that even in the cases, where SAXS suggests a significant increase in particle sizes, the local structure and identity of the assembly-forming clusters can be well preserved may have a profound effect on our understanding of the structure−property relationship in heterogeneous catalysts in reaction conditions. For example, as demonstrated above, the Cu−Cu interatomic distance depends on the characteristic size of ordered regions (probed by XANES) rather than on the overall size of the agglomerate (probed by SAXS and, e.g., microscopy methods). One can envision that other properties (surface-induced stress, electronic structure and, consequently, catalytic properties) may be similarly more affected by the size of locally ordered regions. In the context of this work, it means that even though SAXS results show significant agglomeration of the particles, the unique properties (e.g., catalytic properties) of size-selected subnanometer clusters may be preserved in reaction conditions.
CONCLUSIONS
In the summary, as one important outcome of this work, we presented an approach, based on ab initio XANES simulations and artificial NN, to probe both particle size and interatomic distances in ultrasmall clusters from their in situ XANES data. This method is a promising new tool that can be used by a large number of researchers for studies of ultradispersed clusters in reaction conditions. Another result is that this new spectroscopy-based method can be combined in the same in situ experiment with a scattering probe, such as SAXS, that provides large-scale information on the clusters and their assemblies. This is particularly important because as we demonstrate in this work, the results yielded by one experimental technique only may not provide sufficient information about such complex systems as cluster assemblies on the support. The observed difference in the respective particle sizes, as yielded by SAXS and XANES methods, emphasizes the significance of combined multiprobe experiments. Simultaneously, the strong dependency of the Cu−Cu distance on the particle size, observed here for subnanometer clusters, but not for larger clusters, is a good example of the unique character of ultradispersed metallic systems and provides new routes for tailoring the properties of nanomaterials to a broad range of applications.
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